Introduction {#sec1}
============

Tyrosine kinase inhibitors represent a class of drugs that was first developed based on the concept of targeted therapy.^[@ref1],[@ref2]^ The Food and Drug Administration (FDA) approved imatinib, a BCR-ABL kinase inhibitor, in 2002 as a first-line treatment for Philadelphia chromosome (Ph)-positive chronic myeloid leukemia (CML) in adults and children.^[@ref1]^ Nilotinib, a derivative of imatinib, was later developed for treating imatinib-resistant CML patients.^[@ref3]^ Multiple mechanisms of resistance to these TKIs have been reported, and emergence of resistance due to active efflux by ABC drug transporters is one such mechanism that has been suggested in earlier studies.^[@ref4],[@ref5]^ The efflux of TKIs by ABC drug transporters such as P-gp and ABCG2 also influences the pharmacokinetics and toxicity of these anticancer agents.^[@ref6]−[@ref11]^ Considering these observations, an ideal TKI would be a compound that can specifically inhibit the target kinases without interacting with ABC drug transporters.

Three-dimensional quantitative structure--activity relationship (QSAR) is an approach that can be used to derive a pharmacophore model, which in turn could be exploited to search for novel active compounds against the target of interest. Such studies have been performed earlier to identify pharmacophores for multiple substrates of drug transporters.^[@ref12],[@ref13]^ Demel et al. reviewed the published pharmacophore models for ABC transporters and found convergence around some common features that influence substrate--transporter interaction, such as hydrophobicity and the presence of hydrogen bond acceptors. This and other reports also suggested that multiple pharmacophore models may describe the overlapping substrate specificity of ABC transporters.^[@ref13]−[@ref16]^ In another report, Cramer et al. studied propafenone analogues for their interaction with P-gp and ABCG2 and defined distinctly different feature-based interaction characteristics such as charge, hydrogen bonding, and hydrophobicity with these substrate analogues.^[@ref16]^

The aim of the present study was to understand the pharmacophoric features of nilotinib that may segregate its inhibitory activity toward BCR-ABL kinase compared with P-gp and ABCG2 interactions. Twenty-five derivatives of nilotinib were synthesized by either deleting the key pyridine or imidazole ring or changing functional groups in nilotinib to molecularly probe structural features contributing to nilotinib's interaction with BCR-ABL kinase and ABC transporters P-gp and ABCG2. The data were used to derive a pharmacophore model that may potentially be used to describe the chemical features of nilotinib that are essential for its interaction with the drug transporters. These studies will also help to understand the differences in the affinity of imatinib and nilotinib for ABC drug transporters and BCR-ABL kinase. The pharmacophore model derived from this study could be used to develop the next generation of TKIs that would not interact with ABC drug transporters and will therefore have better pharmacokinetic profiles with minimal cellular resistance due to efflux by ABC drug transporters.

Experimental Section {#sec2}
====================

Chemicals {#sec2.1}
---------

Calcein-AM and mitoxantrone were purchased from the Invitrogen Corporation (Carlsbad, CA) and Sigma Chemical (St. Louis, MO), respectively. Fumitremorgin C (FTC) was synthesized by Thomas McCloud, Developmental Therapeutics Program, Natural Products Extraction Laboratory, NCI, National Institutes of Health (Bethesda, MD). Tariquidar (XR 9576) was obtained from Dr. Susan Bates, National Cancer Institute, NIH. \[^125^I\]-IAAP (2200 Ci/mmol) was purchased from PerkinElmer Life Sciences (Wellesley, MA).

Cell Lines {#sec2.2}
----------

KB3.1, KB-V1, MCF7, and MCF7-FLV cell lines were cultured in DMEM media supplemented with 10% FBS, 1% glutamine, and 1% penicillin. P-gp-overexpressing KB-V1 and ABCG2-overexpressing MCF7-FLV cells were grown in 1 μg/mL vinblastine and 1 μM flavopiridol, respectively, as described previously.^[@ref17],[@ref18]^

Synthesis of Nilotinib Derivatives {#sec2.3}
----------------------------------

The synthesis of nilotinib derivatives was done as described previously^[@ref19],[@ref20]^ and as described in [Supporting Information](#notes-1){ref-type="notes"}. The derivatives were numbered as NCGC-2 to NCGC-26. Compounds NCGC-2, NCGC-4, NCGC-15, NCGC-24, and NCGC-6 were referred to as nos. 1, 2, 3, 4, and 5, respectively, in a previous report.^[@ref20]^

Assay for the Transport of Fluorescent Substrates {#sec2.4}
-------------------------------------------------

P-gp- or ABCG2-mediated transport was determined by flow cytometry using 0.5 μg/mL calcein-AM (for P-gp) or 5 μM mitoxantrone (for ABCG2) in the presence or absence of 2 μM tariquidar (P-gp inhibitor), 5 μM fumitremorgin C (FTC) (ABCG2 inhibitor), or 0--20 μM indicated nilotinib as previously described.^[@ref21],[@ref22]^ The data was analyzed with FlowJo software (Tree Star, Inc. Ashland, OR).

Photoaffinity Labeling of P-gp and ABCG2 with \[^125^I\]-IAAP {#sec2.5}
-------------------------------------------------------------

Crude membranes (1 mg protein/mL) from either P-gp-expressing High Five insect cells or ABCG2-expressing MCF-7 FLV1000 cells were incubated with 10 μM nilotinib or indicated derivatives for 10 min at room temperature. The photo-cross-linking of P-gp and ABCG2 with \[^125^I\]-IAAP was done as described previously.^[@ref18]^ The labeled ABCG2 protein was immunoprecipitated and separated on a 7% Tris-acetate gel as described.^[@ref18]^ The incorporation of \[^125^I\]-IAAP into the ABCG2 or P-gp band was quantified as described^[@ref23]^ and was plotted as a function of the concentration of nilotinib or its derivatives. The IC~50~ or IC~20~ values for inhibition of \[^125^I\]-IAAP photolabeling were derived by fitting the values using one-phase exponential decay fit of Graphpad Prism software (GraphPad Software, Inc., La Jolla, CA).

BCR-ABL Kinase Activity Measurements {#sec2.6}
------------------------------------

In vitro profiling of the inhibitory activity of nilotinib and its derivatives against a panel of kinases was performed at Reaction Biology Corporation (Malvern, PA) using the "HotSpot" assay platform as described by Anastassiadis et al.^[@ref24]^ The IC~50~ values were obtained using GraphPad Prism Software.

Molecular Modeling and 3D QSAR {#sec2.7}
------------------------------

Sixteen, fourteen, and ten compounds from the present study were selected as QSAR data sets to generate PHASE v3.1 (Schrödinger, Inc., New York, NY) pharmacophore models of BCR-ABL kinase, ABCG2, and P-gp inhibitors, respectively. Pharmacophore Alignment and Scoring Engine (PHASE) is a comprehensive tool that is useful in pharmacophore modeling and ligand-based virtual screening.^[@ref25]^ Development of PHASE pharmacophore models involved five steps: (1) preparation of ligands, (2) creation of sites, (3) identification of pharmacophore hypotheses, (4) scoring of pharmacophore hypotheses, and (5) atom-based 3D QSAR modeling. All compounds used in this study were built using the fragment library of Maestro v9.0 (Schrödinger, Inc., New York, NY). Each structure was subjected to ligand preparation using LigPrep v2.3 (Schrödinger, Inc., New York, NY), and protonation states were assigned according to physiological pH. Further, LigPrep-derived ligand structures were subjected to conformation search by using mixed torsional/low-mode sampling method. Conformer energy difference of 5 kcal/mol above the lowest energy ligand conformer was used as a basis to eliminate redundant conformers. This energy cutoff assures the consideration of energetically stable realistic conformations in pharmacophore modeling and eliminates the consideration of conformations that are artifacts. Ligand conformers were then imported for pharmacophore hypothesis generation. The IC~50~ values of the compounds against each target protein were converted to −log IC~50~ (pIC~50~) values for all computations.

Based on data from Table [1](#tbl1){ref-type="other"}, the compounds nilotinib, NCGC-2, NCGC-3, NCGC-5, NCGC-6, NCGC-10, NCGC-11, NCGC-12, NCGC-13, NCGC-14, NCGC-15, NCGC-18, NCGC-19, NCGC-24, NCGC-25, and NCGC-26 were selected for their ability to inhibit BCR-ABL kinase and were divided into an active class exhibiting pIC~50~ \> 1.3 for pharmacophore model building. Similarly, the compounds nilotinib, NCGC-2, NCGC-3, NCGC-4, NCGC-5, NCGC-6, NCGC-10, NCGC-14, NCGC-15, NCGC-19, NCGC-22, NCGC-23, NCGC-25, and NCGC-26 were selected for ABCG2 inhibitory activity for developing an ABCG2 pharmacophore model. A data set with pIC~50~ \> 0 was selected as active ABCG2 inhibitors. The compounds nilotinib, NCGC-2, NCGC-3, NCGC-4, NCGC-5, NCGC-6, NCGC-14, NCGC-15, NCGC-25, and NCGC-26 were also selected to develop a P-gp pharmacophore model based on the data from Table [1](#tbl1){ref-type="other"}. Compounds with pIC~50~ \> −0.2 were selected as active P-gp inhibitors. Systematic variation of pharmacophore sites (nsites) and the number of active compounds that must match (nact) the resulting pharmacophore hypothesis was performed. The number of pharmacophore sites were varied from seven to four until at least one hypothesis was found and scored successfully. If a pharmacophore hypothesis was not successfully derived, then the cycle was repeated by decreasing the number of active compounds that were required to match the hypothesis with simultaneous variation in the number of pharmacophore site points (Schrodinger, LLC, New York, NY). The quality of the resulting pharmacophore hypotheses was measured based on scoring algorithms that included contributions from the alignment of site points, alignment of vector characteristics, overlap of molecular volumes, number of ligands matched, and penalization of matches to inactive training set molecules. Validation of highest ranked pharmacophore hypotheses was performed by using a partial least-squares (PLS) regression-based analysis. The 3D QSAR model was partitioned into uniformly sized cubes (Schrodinger, LLC, New York, NY). Occupancy of these cubes by each molecule was represented by a set of binary-valued independent variables. These binary-valued independent variables were subjected to the PLS regression in order to generate series of models with increasing numbers of PLS factors. The best 3D QSAR models were validated with respect to their potential for correctly predicting the activity of test compounds.

###### IC~50~ and IC~20~ Values of Nilotinib and Its Derivatives as Inhibitors of P-gp- and ABCG2-Mediated Efflux and BCR-ABL Kinase Activity[a](#t1fn1){ref-type="table-fn"}

              P-gp                                   ABCG2                              BCR-ABL kinase                                                        
  ----------- -------------------------------------- ---------------------------------- ---------------------------------- ---------------------------------- ----------------------------------
  nilotinib   2.02                                   1.16                               0.54                               0.24                               \<0.0025
  NCGC-2      1.86                                   0.99                               0.75                               0.42                               0.0083
  NCGC-3      \>20[b](#t1fn3){ref-type="table-fn"}   18.2                               0.65                               0.19                               8.625
  NCGC-4      \>20[b](#t1fn3){ref-type="table-fn"}   16.21                              1.61                               0.96                               [c](#t1fn2){ref-type="table-fn"}
  NCGC-5      \>20[b](#t1fn3){ref-type="table-fn"}   11.20                              0.89                               0.33                               0.0070
  NCGC-6      12.47                                  5.93                               0.25                               0.09                               0.0035
  NCGC-7      [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}
  NCGC-8      [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}
  NCGC-9      [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}
  NCGC-10     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   5.23                               0.28                               32.94
  NCGC-11     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   0.23                               \>50
  NCGC-12     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   22.18
  NCGC-13     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   8.34                               0.0425
  NCGC-14     \>20[b](#t1fn3){ref-type="table-fn"}   9.67                               6.42                               1.15                               \>50
  NCGC-15     \>20[b](#t1fn3){ref-type="table-fn"}   12.94                              2.45                               1.01                               28.99
  NCGC-16     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}
  NCGC-17     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}
  NCGC-18     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   1.92                               0.4659
  NCGC-19     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   14.45                              1.26                               \>50
  NCGC-20     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   0.45                               [c](#t1fn2){ref-type="table-fn"}
  NCGC-21     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   0.51                               [c](#t1fn2){ref-type="table-fn"}
  NCGC-22     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   10.00                              2.07                               [c](#t1fn2){ref-type="table-fn"}
  NCGC-23     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   16.98                              5.15                               [c](#t1fn2){ref-type="table-fn"}
  NCGC-24     [c](#t1fn2){ref-type="table-fn"}       [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   [c](#t1fn2){ref-type="table-fn"}   0.2085
  NCGC-25     1.68                                   0.93                               0.81                               0.43                               3.283
  NCGC-26     2.98                                   2.29                               0.54                               [c](#t1fn2){ref-type="table-fn"}   0.0448

IC~50~ or IC~20~ values for inhibition of P-gp, ABCG2, and BCR-ABL kinase activity by nilotinib and its derivatives was measured as described in the [Experimental Section](#sec2){ref-type="other"}.

IC~50~ was above 20 μM when tested between 0 and 20 μM of indicated derivative.

IC~20~ or IC~50~ could not be determined due to no inhibition.

Results {#sec3}
=======

We sought to identify pharmacophore features of nilotinib that could be used to design and synthesize novel TKIs that do not interact with ABC drug transporters but still show potent activity toward inhibiting target TKs. A structural modification-based approach was therefore used to develop a pharmacophore model using 3D-QSAR studies.

Synthesis of Nilotinib Derivatives {#sec3.1}
----------------------------------

Twenty-five derivatives of nilotinib were synthesized by either deleting the key pyridine or imidazole ring or changing functional groups in nilotinib, as described in the [Experimental Section](#sec2){ref-type="other"} and [Supporting Information](#notes-1){ref-type="notes"}. The chemical structures of nilotinib and its derivatives (NCGC-2 to NCGC-26) are given in Figure [1](#fig1){ref-type="fig"}.

![Chemical structures of nilotinib and its derivatives (NCGC-2 to NCGC-26) used in the study.](mp-2013-00762h_0001){#fig1}

Quantitative Evaluation of Interaction of Derivatives with P-gp and ABCG2 {#sec3.2}
-------------------------------------------------------------------------

In order to develop a possible pharmacophore model that could differentiate between the activity of nilotinib toward its target kinases and ABC drug transporters, a quantitative estimation of its activity toward these targets was required. The derivatives were therefore tested for their interaction with P-gp and ABCG2 using cell-based transport of fluorescent substrate assays in which accumulation of calcein (derived in the cytoplasm from P-gp substrate, calcein-AM) and mitoxantrone (ABCG2 substrate) was evaluated in the presence or absence of 10 μM of each derivative in P-gp- and ABCG2-expressing KB-V1 and MCF7-FLV1000 cells, respectively (see Supplementary Figure 1a,b, [Supporting Information](#notes-1){ref-type="notes"}). Tariquidar (a specific P-gp inhibitor), 2 μM, or FTC (a specific ABCG2 inhibitor), 5 μM, was used as a positive control to completely inhibit the activity of the transporters in these assays. The difference in the fluorescence intensity (accumulation levels) in the absence and presence of tariquidar or FTC was taken as 100% activity, and activity of nilotinib or indicated derivative was calculated as % inhibitory activity compared with these controls. As shown in Supplementary Figure 1c,d, [Supporting Information](#notes-1){ref-type="notes"}, % inhibitory activity varied considerably between derivatives for both P-gp and ABCG2. In general, the derivatives were more effective at inhibiting the transport activity of ABCG2 than P-gp.

The inhibitory activity of these derivatives was further tested by using a range of concentrations (0--20 μM) to determine the IC~50~ values required for inhibition of activity of the transporters. Table [1](#tbl1){ref-type="other"} shows the IC~50~ values of these derivatives for inhibiting calcein-AM and mitoxantrone transport from KB-V1 and MCF7-FLV1000 cells, respectively. IC~20~ values were also calculated for those derivatives that were not able to inhibit the transport by more than 50% of the control values.

Validation of Interaction of Derivatives with P-gp and ABCG2 with Their Effect on Photoaffinity Labeling with \[^125^I\]-IAAP {#sec3.3}
-----------------------------------------------------------------------------------------------------------------------------

The inhibitory activity of these derivatives was further validated by a photolabeling assay in which their ability to inhibit the photolabeling of P-gp and ABCG2 by \[^125^I\]-IAAP was measured. This assay was intentionally used as a secondary screen, because these assays are done in crude membranes expressing these proteins, while primary assays were done in intact cells. Therefore, the validation was done in a system different from the one used in primary screening.

As shown in Figure [2](#fig2){ref-type="fig"}, the derivatives in general were able to inhibit the \[^125^I\]-IAAP photolabeling of P-gp and ABCG2 in a way similar to what was observed for transport of fluorescent substrates in intact cells. This suggested that the inhibitory effect observed in cell-based assays was a direct consequence of the interaction of derivatives at the drug-binding pocket of these transporters. \[^125^I\]-IAAP has been shown to directly bind to the drug-binding pocket, and it is also transported by both P-gp and ABCG2.^[@ref26]^ Inhibition of transport activity by test derivatives is a reliable method, because it not only measures interaction with the transporter but also measures end point activity (which is inhibition of active transport) mediated by ABC drug transporters. Therefore, IC~50~ values derived from accumulation assays (Table [1](#tbl1){ref-type="other"}) were used to develop 3D QSAR models for nilotinib's interaction with and inhibitory activity toward P-gp and ABCG2.

![Effect of nilotinib and derivatives on the photolabeling of (a) ABCG2 and (b) P-gp with \[^125^I\]-IAAP. Crude membranes (1 mg protein/mL) from either P-gp-expressing High-Five cells or ABCG2-expressing MCF-7 FLV1000 cells were incubated with 10 μM nilotinib or indicated derivatives for 10 min at 21--23 °C in 50 mM Tris-HCl, pH 7.5. The samples were photo-cross-linked with 3--6 nM \[^125^I\]-IAAP (2200 Ci/mmole and processed as described in the [Experimental Section](#sec2){ref-type="other"}. Shown here are autoradiograms from one representative experiment depicting the incorporation of \[^125^I\]-IAAP into ABCG2 and P-gp bands (marked with arrows) in the presence of indicated derivatives (NCGC2-26 marked as 2--26) or nilotinib (10 μM). Similar results were obtained in three independent experiments. C, control with DMSO solvent alone.](mp-2013-00762h_0002){#fig2}

Measurement of BCR-ABL Kinase Inhibitory Activity of Nilotinib Derivatives {#sec3.4}
--------------------------------------------------------------------------

Nilotinib and its derivatives were further evaluated quantitatively for their ability to inhibit BCR-ABL kinase. This activity was measured by monitoring the ABL kinase phosphorylation in the presence or absence of nilotinib and its derivatives using the "HotSpot" assay platform from the Reaction Biology Corporation (Malvern, PA), as described in the [Experimental Section](#sec2){ref-type="other"}, using a concentration range from 0 to 50 μM with a 3-fold dilution range. BCR-ABL kinase activity data were expressed as the percent remaining kinase activity in test samples compared with DMSO vehicle reactions, and IC~50~ values for inhibiting ABL kinase were then calculated for all derivatives (Table [1](#tbl1){ref-type="other"}). As shown in Table [1](#tbl1){ref-type="other"}, few derivatives (NCGC-2, NCGC-5, and NCGC-6) retained the ability to inhibit ABL kinase in a way similar to that of parent nilotinib. While some of them (NCGC-13, NCGC-18, and NCGC-24) showed moderate activity toward inhibiting this kinase, others either showed IC~50~ values that were 10^4^ times less efficient than nilotinib or did not inhibit ABL kinase activity to any extent.

Molecular Modeling and 3D QSAR {#sec3.5}
------------------------------

Pharmacophore modeling is a useful tool in identifying 3D chemical features that contribute to biological activity of compounds. Because nilotinib and its derivatives showed differential activity for inhibiting BCR-ABL kinase, ABCG2, and P-gp, we therefore used this approach to develop a minimal pharmacophore requirement that could be used to explain these varying effects toward BCR-ABL kinase, ABCG2, and P-gp.

As described in the [Experimental Section](#sec2){ref-type="other"}, 16, 14 and 10 derivatives from the present study were selected as QSAR data sets for generating PHASE v3.1 pharmacophore models of BCR-ABL kinase, ABCG2, and P-gp inhibitors, respectively. Pharmacophore variants for BCR-ABL, P-gp, and ABCG2 inhibitory activity were composed of seven features \[two hydrogen bond acceptors (A), two hydrogen bond donors (D), and three aromatic rings (R)\], seven features \[two hydrogen bond acceptors (A), two hydrogen bond donors (D), and three aromatic rings (R)\], and six features \[one hydrogen bond acceptor (A), one hydrogen bond donor (D), one hydrophobic group (H), and three aromatic rings (R)\], respectively (Figure [3](#fig3){ref-type="fig"}).

![Pharmacophore of nilotinib derived from the best PHASE hypothesis: (a) (AADDRRR) superimposed on the most active BCR-ABL kinase inhibitor (nilotinib); (b) (AADDRRR) superimposed on the most active P-gp inhibitor (NCGC-25); (c) (ADHRRR) superimposed on the most active ABCG2 inhibitor (NCGC-6). The hydrogen bond acceptor feature is represented by the magenta-colored sphere with arrows representing predicted directions of lone pairs (A1 and A5). The hydrogen bond donor is represented by the light blue color (D6 and D7) and the "aromatic" ring feature (R13, R14, and R15) is shown as the light brown donut-like ring. The hydrophobe feature is represented by a green-colored sphere (H8). (d) Model of binding of nilotinib within the active site of BCR-ABL kinase based on the cocrystal structure of nilotinib--ABL kinase (PDB ID 3CS9). Amino acid residues are shown as sticks with the atoms colored as carbon, gray; hydrogen, white; nitrogen, blue; oxygen, red; and sulfur, yellow, whereas nilotinib is depicted as ball and stick model with the same color scheme as above except carbon atoms are represented in green and fluorine atoms in aquamarine color. Dotted purple lines indicate hydrogen bonding interactions.](mp-2013-00762h_0003){#fig3}

The highest ranked pharmacophore hypothesis (AADDRRR.2187) for BCR-ABL kinase inhibitors included two hydrogen bond acceptors (A), two hydrogen bond donors (D), and three aromatic rings (R) (Figure [3](#fig3){ref-type="fig"}a). This pharmacophore hypothesis proved to be the best, as characterized by the highest score (3.883), shown in Table [2](#tbl2){ref-type="other"}. The pharmacophore hypothesis mapped onto the most potent compound, nilotinib, is shown in Figure [3](#fig3){ref-type="fig"}a. Moreover, when this hypothesis was subjected to atom-based 3D QSAR PLS analysis, it yielded excellent statistical results (*r*^2^ = 0.84, *F* = 22.8, *q*^2^ = 0.91, SD = 0.764, RMSE = 0.454, and Pearson-R = 0.98) with two PLS factors (Table [3](#tbl3){ref-type="other"}). Table [4](#tbl4){ref-type="other"} shows the observed and predicted inhibitory activities as well as the fitness scores of the training and test set derivatives. Accuracy of compounds' activity prediction is greater if the fitness score is higher. Conformational energies associated with each of the compounds used for pharmacophore modeling are \<2 kcal/mol compared with the global minimum.

###### Scoring Parameters of Pharmacophore Hypotheses for BCR-ABL, ABCG2, and P-gp Inhibitory Data

  hypothesis             survival score   inactive score   survival inactive score   site score   vector score   volume score   selectivity   number of derivatives matched the hypothesis   activity of the reference ligand
  ---------------------- ---------------- ---------------- ------------------------- ------------ -------------- -------------- ------------- ---------------------------------------------- ----------------------------------
  BCR-ABL AADDRRR.2187   3.883            2.196            1.687                     0.99         1.0            0.89           2.816         5                                              2.08
  P-gp AADDRRR.990       3.955            2.28             1.669                     1.0          1.0            0.95           2.708         4                                              --0.225
  ABCG2 ADHRRR.12        3.558            2.196            1.356                     0.84         0.96           0.76           2.487         7                                              0.125

###### Summary of Atom-Based 3D QSAR Results for BCR-ABL, ABCG2, and P-gp Inhibitory Activity[a](#t3fn1){ref-type="table-fn"}

  best hypothesis               *r*^2^   *F*    *q*^2^   SD      *P*        RMSE    PLS factor   Pearson-R
  ----------------------------- -------- ------ -------- ------- ---------- ------- ------------ -----------
  BCR-ABL kinase AADDRRR.2187   0.84     22.8   0.91     0.764   0.000299   0.454   2            0.98
  P-gp AADDRRR.990              0.63     10.1   0.68     0.325   0.0189     0.282   1            0.99
  ABCG2 ADHRRR.12               0.83     16.9   0.93     0.284   0.00208    0.158   2            0.98

*r*^2^, square of the correlation coefficient; *F*, variance ratio; *q*^2^, square of the cross-validated correlation coefficient (*q*); SD, standard deviation of the regression; *P*, significance level of variance ratio; RMSE, root mean square error; PLS, partial least-squares factors; Pearson-R, correlation coefficient for the predicted activities of the test set of derivatives.

###### Observed and Predicted pIC~50~ Values of Derivatives with Respect to BCR-ABL Kinase (AADDRRR.2187), ABCG2 (ADHRRR.12), and P-gp (AADDRRR.990) Models[a](#t4fn1){ref-type="table-fn"}

              BCR-ABL kinase (pIC~50~)   ABCG2 (pIC~50~)   P-gp (pIC~50~)                                                
  ----------- -------------------------- ----------------- ---------------- --------- -------- ------ --------- -------- ------
  nilotinib   2.60                       2.63              2.93             0.267     0.38     2.93   --0.305   --0.60   2.90
  NCGC-2      2.08                       2.14              3.00             0.125     0.32     3.0    --0.269   --0.56   2.99
  NCGC-3      --0.94                     --1.78            1.83             0.187     0.33     1.85   --1.30    --1.65   1.70
  NCGC-4      NA                                                            --0.206   0.03     1.84   --1.30    --1.24   2.07
  NCGC-5      2.15                       1.94              2.87             0.05      0.06     2.88   --1.30    --0.89   2.86
  NCGC-6      2.45                       1.46              2.84             0.6       0.08     2.83   --1.09    --0.83   2.84
  NCGC-7      NA                                                            NA                        NA                  
  NCGC-8      NA                                                            NA                        NA                  
  NCGC-9      NA                                                            NA                        NA                  
  NCGC-10     --1.52                     --0.97            2.04             --0.718   --0.61   1.99   NA                  
  NCGC-11     --1.70                     --1.58            1.94             NA                        NA                  
  NCGC-12     --1.35                     --0.85            1.66             NA                        NA                  
  NCGC-13     1.37                       1,29              1.92             NA                        NA                  
  NCGC-14     --1.70                     --1.03            1.80             --0.807   --0.74   1.80   --1.30    --1.03   1.86
  NCGC-15     --1.46                     --0.77            2.34             --0.389   --0.59   2.72   --1.30    --1.01   2.38
  NCGC-16     NA                                                            NA                        NA                  
  NCGC-17     NA                                                            NA                        NA                  
  NCGC-18     0.33                       --0.85            2.34             NA                        NA                  
  NCGC-19     --1.70                     --1.27            2.32             --1.16    --0.77   2.70   NA                  
  NCGC-20     NA                                                            NA                        NA                  
  NCGC-21     NA                                                            NA                        NA                  
  NCGC-22     NA                                                            --1.0     --1.20   2.18   NA                  
  NCGC-23     NA                                                            --1.23    --1.14   2.15   NA                  
  NCGC-24     0.68                       1.52              2.81             NA                        NA                  
  NCGC-25     --0.61                     0.07              2.88             0.091     0.17     2.90   --0.225   --0.54   3.0
  NCGC-26     1.35                       1.03              2.90             0.267     0.28     2.96   --0.47    --0.53   2.97

For BCR-ABL kinase model, derivatives NCGC-2, NCGC-12, NCGC-15, and NCGC-26 were used as test set. For ABCG2 model, derivatives NCGC-2, NCGC-4, NCGC-23, and NCGC-26 were used as test set. For P-gp model, nilotinib and NCGC-14 were used as test set. pIC~50~, −log IC~50~; obsd, observed; compd, compound.

The highest ranked pharmacophore hypothesis (AADDRRR.990) for P-gp inhibitors was composed of two hydrogen bond acceptors (A), two hydrogen bond donors (D), and three aromatic rings (R) (Figure [3](#fig3){ref-type="fig"}b). This pharmacophore hypothesis proved to be the best, as characterized by the highest score (3.955) (Table [2](#tbl2){ref-type="other"}). The pharmacophore hypothesis mapped on NCGC-25 (the most potent) is shown in Figure [3](#fig3){ref-type="fig"}b. Moreover, when this hypothesis was subjected to atom-based 3D QSAR PLS analysis, it yielded good statistical results (*r*^2^ = 0.63, *F* = 10.1, *q*^2^ = 0.67, SD = 0.325, RMSE = 0.282, and Pearson-R = 0.99) with one PLS factor (Table [3](#tbl3){ref-type="other"}).

The highest ranked pharmacophore hypothesis (ADHRRR.12) for ABCG2 inhibitors was composed of one H-bond acceptor (A), one H-bond donor (D), one hydrophobe (H), and three aromatic rings (R) (Figure [3](#fig3){ref-type="fig"}c). This pharmacophore hypothesis proved to be the best, as characterized by the highest score (3.558) (Table [2](#tbl2){ref-type="other"}). The pharmacophore hypothesis mapped onto NCGC-6 (the most potent analogue) is shown in Figure [3](#fig3){ref-type="fig"}c. When this hypothesis was subjected to atom-based 3D QSAR PLS analysis, it yielded good statistical results (*r*^2^ = 0.83, *F* = 16.9, *q*^2^ = 0.93, SD = 0.284, RMSE = 0.158, and Pearson-R = 0.98) with two PLS factors (Table [3](#tbl3){ref-type="other"}).

Discussion {#sec4}
==========

The interaction of nilotinib and other TKIs with ABC drug transporters has been studied extensively, because it influences the pharmacokinetics and toxicity of these anticancer drugs and has also been linked to the emergence of drug resistance in patients.^[@ref4],[@ref27],[@ref28]^ We showed earlier that both imatinib and nilotinib interact at the substrate binding pocket of P-gp and ABCG2,^[@ref20],[@ref29],[@ref30]^ and both are transported by these transporters. We also showed that contrary to their inhibitory activity for BCR-ABL kinase, where these TKIs competitively inhibit the binding of ATP to the ATP-binding pocket (catalytic site) of the kinase, imatinib or nilotinib do not interact with the ATP-binding site of these transporters.^[@ref29]^ In this study, we sought to identify the specific pharmacophoric features of nilotinib that can distinguish its inhibitory activity against P-gp, ABCG2, and BCR-ABL kinase. Therefore, a SAR-based approach was used to develop a pharmacophore model for interaction of nilotinib with P-gp, ABCG2, and BCR-ABL kinase to determine whether it would be possible to design a TKI that is not recognized by ABC drug transporters.

Quantitative values were derived by measuring the effect of nilotinib and its derivatives on P-gp, ABCG2, and BCR-ABL kinase with cell-based fluorescent substrate accumulation and kinase inhibitory assays. These data were further verified by determining the inhibitory potency of derivatives for photoaffinity labeling of ABCG2 and P-gp with \[^125^I\]-IAAP. Cell-based accumulation assays and photolabeling assays in isolated membranes are independent approaches used in the field of ABC transporters to study the transport function of these pumps and the interaction of substrates or modulators at the substrate-binding pocket.^[@ref31]^ A correlation was observed between both assays, because most derivatives that showed no P-gp or ABCG2 inhibitory activity in intact cells were also not able to inhibit the photolabeling of P-gp or ABCG2 with \[^125^I\]-IAAP. Accumulation assays monitoring the effect of these derivatives on the transport activity of these transporters can be considered as assays in which an end point observation (blocking the activity of the transporter) gives valuable information on the interaction of these derivatives with the pumps. We therefore further used accumulation assays to quantitatively measure the effect of the derivatives on the function of P-gp and ABCG2, and these data were used for the development of 3D-QSAR models.

3D-QSAR analysis was further done using the IC~50~ values derived from transport assays and BCR-ABL kinase assays. Our pharmacophore hypothesis for BCR-ABL kinase inhibitors consisted of seven features, as shown in Figure [3](#fig3){ref-type="fig"}a. Two hydrogen bond acceptor features were found to coincide with the pyridine ring nitrogen and the carbonyl oxygen atom. Two hydrogen bond donor features were located on the aniline −NH and amide −NH groups. Three aromatic ring features mapped onto the pyrimidine and two phenyl rings. The distances between different sites of the AADDRRR pharmacophore hypothesis are listed in Table [5](#tbl5){ref-type="other"}. The angles between different sites of the AADDRRR pharmacophore hypothesis are listed in Supplemental Table S1, [Supporting Information](#notes-1){ref-type="notes"}. The most potent BCR-ABL kinase inhibitors (nilotinib, NCGC-2, NCGC-5, and NCGC-6) conform closely to all seven pharmacophore features. Although compounds NCGC-25 and NCGC-26 overlapped nicely with the seven features, they showed poor BCR-ABL kinase inhibitory activity. The weak inhibitory activity of derivatives NCGC-3, NCGC-10, NCGC-11, NCGC-12, NCGC-14, NCGC-15, NCGC-18, and NCGC-19 could be due to incomplete overlap with all seven features. The pharmacophore features obtained for BCR-ABL kinase inhibitory data should theoretically correspond to certain regions on the BCR-ABL kinase ATP binding site. Therefore, the BCR-ABL pharmacophore model was compared with the binding interactions of nilotinib within the active site of BCR-ABL kinase,^[@ref32]^ as shown in Figure [3](#fig3){ref-type="fig"}d. It is interesting to note that all of the key contacts between the most potent inhibitors and the active site residues of BCR-ABL kinase are encoded in the AADDRRR pharmacophore model. In particular, nilotinib forms four hydrogen bonds (ADAD) with the ABL kinase domain. The pyridinyl ring nitrogen atom (acceptor) forms a hydrogen bond with the backbone −NH of Met318 and the anilino −NH (donor) forms a hydrogen bond with the hydroxyl group of Thr315. The amido carbonyl oxygen atom (acceptor) forms a hydrogen bond with the backbone −NH of Asp381, and amido −NH (donor) forms a hydrogen bond with the carboxylate group of Glu286. In addition to hydrogen bonding interactions, several arene--arene ring (aromatic ring centers, RRR) interactions were also observed. Comparison of BCR-ABL kinase inhibitory data clearly indicates the key contribution of all identified pharmacophore features. The absence of the imidazole ring in active compounds **5** and **6** shows that this feature is not critical for BCR-ABL kinase inhibitory activity. This was further supported by the fact that no pharmacophore feature was mapped onto this ring, and the cocrystal structure demonstrated that the imidazole ring was solvent-exposed. We conclude that all the pharmacophore features identified are key to the observed activity. The above analysis together with excellent statistical data on training and test set derivatives clearly indicates the utility of this BCR-ABL kinase pharmacophore model in predicting the activity of new compounds before committing to their synthesis.

###### Distances (Å) between Pharmacophore Sites of BCR-ABL, ABCG2, and P-gp Inhibitors

  BCR-ABL, AADDRRR.2187   ABCG2, ADHRRR.12   P-gp, AADDRRR.990                                   
  ----------------------- ------------------ ------------------- ----- ----- ------- ----- ----- ------
  A1                      A5                 6.91                A5    D7    3.12    A1    A5    6.00
  A1                      D6                 7.96                A5    H8    6.55    A1    D6    7.27
  A1                      D7                 9.86                A5    R13   3.69    A1    D7    6.53
  A1                      R13                8.19                A5    R14   4.06    A1    R13   6.67
  A1                      R14                10.58               A5    R15   6.09    A1    R14   7.48
  A1                      R15                5.14                D7    H8    6.11    A1    R15   5.10
  A5                      D6                 6.07                D7    R13   3.47    A5    D6    5.98
  A5                      D7                 3.12                D7    R14   3.39    A5    D7    3.12
  A5                      R13                3.69                D7    R15   7.86    A5    R13   3.69
  A5                      R14                4.06                H8    R13   2.93    A5    R14   4.06
  A5                      R15                6.07                H8    R14   9.38    A5    R15   6.35
  D6                      D7                 6.49                H8    R15   5.22    D6    D7    6.65
  D6                      R13                3.29                R13   R14   6.54    D6    R13   3.29
  D6                      R14                9.42                R13   R15   5.03    D6    R14   9.52
  D6                      R15                3.15                R14   R15   10.03   D6    R15   3.15
  D7                      R13                3.47                                    D7    R13   3.47
  D7                      R14                3.39                                    D7    R14   3.40
  D7                      R15                7.86                                    D7    R15   7.47
  R13                     R14                6.54                                    R13   R14   6.55
  R13                     R15                5.03                                    R13   R15   5.03
  R14                     R15                10.01                                   R14   R15   9.77

Our pharmacophore hypothesis for P-gp inhibitors consisted of seven features (Figure [3](#fig3){ref-type="fig"}b). The distances between different pharmacophore feature sites of AADDRRR pharmacophore hypothesis are given in Table [5](#tbl5){ref-type="other"}. The angles between the sites of this pharmacophore hypothesis are listed in Supplemental Table S1, [Supporting Information](#notes-1){ref-type="notes"}. Two hydrogen bond acceptor features mapped onto the pyridine ring nitrogen and the carbonyl oxygen atom. Two hydrogen bond donor features mapped onto aniline −NH and amide −NH groups. Three aromatic ring features mapped onto the pyrimidine and two phenyl rings. The most potent derivatives (nilotinib, NCGC-2, NCGC-25, and NCGC-26) showed perfect alignment with all seven features of the pharmacophore model. The poorly active derivatives NCGC-3, NCGC-4, NCGC-14, and NCGC-15 did not align with all the pharmacophoric features. Derivatives NCGC-5 and NCGC-6 both are poorly active despite mapping onto all seven features, providing a clue to the subtle contribution of the imidazole ring at the *meta*-position of the trifluoromethylphenyl ring. This is not surprising, because our recently published data using some of these derivatives suggest that the imidazole ring in nilotinib may play a role in determining the affinity of this drug to the substrate-binding pocket of P-gp.^[@ref20]^ Based on the structural features present in active analogues, all of the pharmacophoric features seem to be critical for the observed P-gp inhibitory activity. Our pharmacophore model (AADDRRR) derived from nilotinib analogues was in accord with previously developed P-gp pharmacophore models (multiples of hydrogen bond acceptors, hydrogen bond donors, aromatic ring centers, or hydrophobes) derived from different structural classes.^[@ref33]−[@ref35]^ This highlights the fact that the P-gp drug-binding cavity recognizes a set of appropriately spaced pharmacophoric features irrespective of the structure in which they are embedded, thus reinforcing the broad substrate/inhibitor specificity of P-gp. When this pharmacophore hypothesis was used as a query to map tariquidar and elacridar, we were able to match five (A5, D7, R13, R14, and R15) of the seven features onto tariquidar and six (A1, A5, D7, R14, and R15) of the seven features onto elacridar (data not shown). These studies have indirectly validated the P-gp inhibitor pharmacophore model.

The pharmacophore hypothesis for ABCG2 inhibitors consisted of six features (Figure [3](#fig3){ref-type="fig"}c). Previously, several pharmacophore models on a diverse set of ABCG2 inhibitors have been reported, and most of the models are composed of a hydrogen bond acceptor, a hydrogen bond donor, and hydrophobic or aromatic ring features.^[@ref12],[@ref36]^ In line with these prior findings, the nilotinib analogues used in this study generated pharmacophoric features composed of an H-bond acceptor and an H-bond donor, one hydrophobe, and three aromatic ring centers. The distances between different pharmacophore feature sites of the ADHRRR pharmacophore hypothesis are given in Table [5](#tbl5){ref-type="other"}. Table S1, [Supporting Information](#notes-1){ref-type="notes"}, lists the angles between different pharmacophore features of this pharmacophore hypothesis. The hydrogen bond acceptor feature mapped onto the carbonyl oxygen atom, and the hydrogen bond donor feature mapped onto the amide −NH group. The hydrophobic feature mapped onto the methyl substituent of the aniline ring. Three aromatic ring features mapped onto the pyrimidine and two phenyl rings. Potent derivatives (nilotinib, NCGC-2, NCGC-5, NCGC-6, NCGC-25, and NCGC-26) perfectly aligned with the six features that were found to be optimum for ABCG2 inhibitory activity. Another potent compound (NCGC-3) was found to overlap with all six features because its conformation is flipped in such a way that the imidazole ring aligns roughly with the pyridine ring. Though the NCGC-4 conformation is flipped similar to that of NCGC-3, it fails to effectively align with all six features, thus suggesting its poor inhibitory activity. Derivatives NCGC-10, NCGC-14, NCGC-22, and NCGC-23 only aligned with four of the six features, which may explain their poor activity. It is not clear from the present pharmacophore model why derivatives NCGC-15 and NCGC-19 both are poorly active despite aligning well with all six features. The activity difference between compounds NCGC-3 and NCGC-6 suggests that the pyridine ring is critical but the imidazole ring is not. This was further strengthened by the observation that none of the pharmacophoric features were mapped onto the imidazole ring. As described above, tariquidar and elacridar contained all six ABCG2 pharmacophoric features, thus strengthening the validity of ABCG2 pharmacophore models.

As described by Tiwari et al.,^[@ref37]^ the interaction of nilotinib with P-gp and ABCG2 could be described as a class effect of phenyl-pyrimidine-derived BCR-ABL TKIs. This can be rationalized based on the criteria that most TKIs (log *P* ≈ 3--6) are hydrophobic in nature and the substrate binding site of these transporters, which lies in the transmembrane domains, is also hydrophobic. The chemical structure of nilotinib is presented with hydrophobic groups, aromatic rings, and hydrogen-bond acceptor/donor groups that have previously been described as contributing to its binding to both P-gp and ABCG2.^[@ref37]^ The existence of significant overlap of pharmacophoric features obtained for each of the targets is not surprising, because many tyrosine kinase inhibitors have been previously described to modulate the efflux function of ABC transporters.^[@ref4]^ The P-gp and BCR-ABL kinase inhibitory pharmacophore models being identical may not offer any advantage in virtual screening experiments to identify specific inhibitors for each target. However, the ABCG2 pharmacophore model could be useful to identify specific ABCG2 modulators that do not interact with BCR-ABL kinase. Similarly, the BCR-ABL kinase pharmacophore model could be used to identify new inhibitors that do not interact with ABCG2. The present pharmacophore models will be fine-tuned with the availability of more nilotinib analogues with varying inhibitory activity toward the three targets studied in this report.

Though all of the pharmacophore models developed in this study showed excellent predictive power, the limited number of compounds warrants caution when using these models for quantitative predictions. However, once more compounds with the target activities are collected, these models could be refined to achieve increased accuracy of quantitative predictions of the virtual ligands before their synthesis. It should also be noted that from the limited number of derivatives used in this study, none showed better BCR-ABL kinase inhibitory profile than the parent nilotinib molecule. However, this does not imply that the compounds should not be further tested as TKIs. In principle, better efficacy and potency of a nilotinib analogue that shows no or minimal interaction with P-gp and ABCG2 but still inhibits the kinase (although with lower efficiency) may outweigh the benefit of using the parent nilotinib drug, which efficiently inhibits the kinase but also interacts with P-gp and ABCG2. Therefore, a less potent nilotinib analogue may actually be a more efficacious kinase inhibitor because of its loss of interaction with P-gp and ABCG2 and improved pharmacokinetic properties.

In conclusion, this study describes a set of pharmacophoric features that may be important for the interaction of nilotinib and other similar TKIs with P-gp, ABCG2, and their target kinases. The information derived from this study can therefore be used to design the next generation of potent kinase inhibitors with no or minimal interaction with ABC drug transporters.

Synthesis of nilotinib and its derivatives, their effect on ABCG2- or P-gp-mediated transport, and the angles between different sites of pharmacophore hypothesis. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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ABC

:   ATP-binding cassette

FTC

:   fumitremorgin C

IAAP

:   iodoarylazidoprazosin

P-gp

:   P-glycoprotein

TKIs

:   tyrosine kinase inhibitors

QSAR

:   quantitative structure--activity relationship
